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Summar y
A novel method for heteroduplex panel analysis (HPA) utilizing fragments of the PCR amplified ITS regions of rDNA was developed. The method involves formation of heteroduplexes with a set of reference fragments amplified from A. flavus, A. parasiticus, A. tamarii and A. nomius , and subsequent minislab gel electrophoresis. The test panel is compared with speciesspecific standard panels (F-1, P-1, T-1 and N-1), generated by pairwise reannealing among four reference fragments. Application of HPA to a field study demonstrated that a new genotype of FP-1 has been predominantly distributed throughout sugarcane field soil in the southernmost islands of Japan. The high prevalence of type FP-1 may reflect its adaptation to the soil environment. The type FP-1 isolates were also isolated from the sugarcane fields in Vietnam, but not find them in our culture collection derived from other sources. CBS 108.30 originated from sugarcane in Egypt was the only one strain identified as type FP-1. These results imply that type FP-1 may be associated with sugarcane fields in Asia. Type FP-1 is consisted of the morphologically intergrading isolates between A. parasiticus and A. flavus. The phylogenetic analysis based on the ITS sequences indicated that type FP-1 formed an independent clade positioned between A. parasiticus and A. flavus, and was more closely related to the former species. HPA also demonstrated that A. nomius has been distributed in sugarcane field soil and sugarcane stems in Japan and Vietnam. All of the tested isolates of A. nomius and type FP-1 were able to produce aflatoxins B and G. These fungi are probably responsible for aflatoxin contamination of crude sugar produced from sugarcane.
information on the phylogenetic relationships among species of Aspergillus section Flavi; however, there may be disadvantages in these techniques in that they are time-consuming and complicated due to nucleotide sequencing, the emergence of many bands, and cumbersome preparation of DNA. The purposes of these studies were: first, to develop a routine identification method for Aspergillus section Flavi species using molecular biological techniques, and then, to apply the method to a field study.
We attempted to differentiate the species of Aspergillus section Flavi based on ITS sequences. The ITS regions amplified by PCR was subjected to single-strand conformation polymorphism (SSCP), the resulting electrophoretic patterns (PCR-SSCP) were then analyzed. Further attempts were made to establish heteroduplex panel analysis (HPA) for not only routine identification of Aspergillus section Flavi species but also sensitive detection of genetic diversity within species. The aim of the study was to identify and characterize the fungi of Aspergillus section Flavi that inhabit sugarcane field soil in the southernmost islands of Japan (Okinawa, Ishigaki, Tokunoshima, Hateruma, Amamioshima, Iriomote) using the HPA method. The results obtained with HPA demonstrated for the first time that a new genotype belonging to section Flavi and A. nomius are highly prevalent in sugarcane field soil, and they can produce aflatoxins B and G.
Single-strand conformation polymorphism analysis of PCR-amplified rDNA internal transcribed spacers to differentiate species of Aspergilus section Flavi
For the SSCP method, a total 68 of Aspergillus section Flavi isolates, including 13 of A. flavus, 13 of A. oryzae, 13 of A. parasiticus, 14 of A. sojae, 9 of A. tamarii and 6 of A. nomius were used 6) .
Preparations of fungal genomic DNA and PCR conditions were described previously 7) . Three microliters of the PCR product was mixed with an equal volume of a loading buffer (50 % sucrose, 60 mM EDTA, and 0.25 % bromophenol blue), with subsequent incubation for 5 min at 95 and quenching in an ice bath. The mixture was applied to a 6 % polyacrylamide gel (ratio of acrylamide to bisacrylamide was 29:1) with glycerol or formamide, and electrophoresed in TBE buffer (89 mM Tris-boric acid and 2 mM EDTA, pH 8.0) on a mini slab-gel (gel size, 90 x 80 x 1 mm; ATTO, Co., Tokyo, Japan) at room temperature until the DNA bands migrated to the middle of the gel. The gel was stained with ethidium bromide (10 µg/mL) for 2 min and then destained in water for 15 min.
Attempts were made to find the optimal conditions of SSCP after PCR. When electrophoresis was performed in a 6 % polyacrylamide gel without a denaturant, the resulting SSCP patterns showed minor differences between A. parasiticus/A. sojae and all the others (Fig. 1) . To obtain greater differences in SSCP patterns between species, a range of concentrations of formamide was added to gels. Interestingly, the addition of 20 % formamide decreased the separation distance between strands, but apparently changed the separation patterns (Fig. 1) .
Heteroduplex panel analysis, a novel method for genetic identification of

Aspergillus section Flavi isolates
We previously reported that PCR-SSCP analysis assisted morphological identification of section . This analysis effectively differentiates the species of section Flavi, but applicable to only the isolates identified as section Flavi for the following reasons. The PCR products amplified with general primers are not section-specific; the mobility of single-stranded DNA cannot be estimated in the gel, because it is dependent on its secondary structure and its interaction with gel matrix. Since the specificity is limited, some other fungi might show their mobility indistinguishable from those of section Flavi species. The purpose of the study was to establish HPA for routine identification of Aspergillus section Flavi species without using morphological techniques. reference strains which were characterized by PCR-SSCP analysis 6) . DNA extraction, PCR amplification analysis, and our HPA method were described previously 11)
HPA
. Standard panels were made up by pairwise reannealing among reference fragments from reference strains.
HPA panels
Of 42 HPA panels that were generated from 29 of A. flavus and 13 of A. oryzae by morphological and physiological identification.
When 12 isolates of non-section Flavi Aspergillus species were subjected to HPA, heteroduplex bands were shown on an MDE gel but their electrophoretic mobilities were apparently lower than those of the heteroduplexes formed between two of the section Flavi isolates. Similar findings were obtained with the five isolates of Penicillium examined. This was due to the lower DNA homology of the ITS regions between the fungi tested and the section Flavi isolates that served as references, and which indicates that HPA is more specific to section Flavi than is the SSCP method 6) . Two heteroduplex types, F-1 and F-2, created by HPA were common in the A. flavus and A. oryzae isolates tested, and thus, there was no association with aflatoxin production. Such intraspecific diversity and the conspecificity found in A. parasiticus and A. sojae were confirmed by subsequent nucleotide sequencing. Early genetic approaches 9, 12) with several protein-coding genes as targets have failed to identify substantial interspecific diversity between A. flavus and A. oryzae. These genetic findings have therefore provided no justification for maintaining the industrial fungi A. oryzae and A. sojae as individual species even if there are subtle morphological differences 1)
.
Highly sensitive discrimination of sequence variability
The HPA enables accurate identification of the species of Aspergillus section Flavi and subdivision based on highly sensitive discrimination of sequence variability. Gaps lead to the formation of a bulge in the heteroduplex, bend the DNA axis, and affect the mobility shift much more than do simple substitutions (bubble) 13) .
However, none of the intraspecific heteroduplexes that contained even a gap or two substitutions displayed any mobility shift under the present HPA conditions in a minislab MDE gel with a shorter distance (approximately 8 cm). These disadvantageous conditions contributed to identification of the isolates to the species level. The formation of interspecific heteroduplexes between isolates of different species significantly improved the ability of HPA to detect a single-base substitution or a single-base gap. The highest sensitivity must have been due to the bulge in heteroduplexes resulting from the gap variation in ITS sequences because of the regions not coding proteins. For example, F-1 and F-2 interspecific heteroduplexes formed with P-1 had a marked difference in mobility shifts, although the sequence difference between F-1 and F-2 was only a single-base (T) gap. This can be explained by the increase in bulge size, 2 base pair (bp, AT) to 3 bp (ATT), by only one additional gap.
It has been suggested that the magnitude of DNA bending depends on the bulge size 13, 14) , and the ATT bulge disrupted the flanking of TA and GC base pairs and affected the AC bubble near the bulge 15).
From these presumptions, the conformational change of DNA in the heteroduplexes formed between P-1 and F-2 was much greater than that between P-1 and F-1. This might explain the easy detection of the 1-bp diversity between types F-1 and F-2. One-or two-bp diversity among A. nomius types was detected by smaller mobility shifts of interspecific heteroduplexes. In such cases as the interspecific heteroduplexes formed with type T-1, interspecific heteroduplexes of N-1, N-2, and N-3
were discriminated from one another, although each intraspecific heteroduplex was not. The largest difference between inter-and intraspecific heteroduplexes was the presence in the former of a larger number of concurrent mismatches containing bubbles and bulges at common positions in the ITS regions. This suggests that such mismatches act as a cofactor to enhance minor conformational differences among three heteroduplexes introduced by base effects of the bulge and the bubble. . These fungi were classified as atypical and typical A. parasiticus or A. flavus according to their morphological characteristics 18) . The aim of this study was to identify and characterize the fungi of Aspergillus section Flavi that inhabit sugarcane field soil in the southernmost islands of Japan using the HPA method 19) . ) were taken with a sterile trowel at 8 to 10 m intervals after removing the surface soil. The subsamples were combined and well mixed in a polyethylene bag, and then allowed to dry on a paper dish covered with a sheet of paper at 5 for 7 days in a refrigerator. In Vietnam, 8 sugarcane field soil samples, 24 of sugarcane stem samples, and 12 of peanut samples were collected in 1999.
Sugarcane field soil
Incidence of Aspergillus section Flavi in sugarcane fields
A total 186 of Aspergillus section
Flavi isolates were identified from 38 of the 56 soil samples of sugarcane fields in all six southernmost islands (Table 1) . Of these isolates, 121 (65 %) were identified as A. parasiticus showing morphological diversity as described below, and 34 (18 %) were identified as A. flavus with the ability to produce aflatoxins Bs and Gs. A. parasiticus was isolated from all islands with the highest incidence (2/5 to 10/11) except from Hateruma Island, where A. flavus (5/5) was isolated with a higher incidence (3/5). In Okinawa Island, the incidence of A. flavus, with the ability to produce aflatoxins Bs and Gs (10/11), was apparently higher than that of the other A. flavus isolates (1/11).
Conversely, the incidence of the former A. flavus (3/45) was lower than that of the latter one (18/45) on the other islands. A. tamarii was a rare species in the tested sugarcane fields. The colony counts of section Flavi ranged from 1.3 x 10 2 to 1.2 x 10 5 CFU/g.
HPA typing of isolates from sugarcane fields in Japan
Of the 186 isolates, 110 were maintained as stock cultures and used for the HPA typing (Table 2) . Surprisingly, 66 isolates displayed a new HPA panel, as two retarded but clear heteroduplex bands were shown in all lanes.
These unique and identical HPA panels were designated as FP-1 based on the DNA sequence data and phylogenetic analysis (see Fig. 4 ). All type FP-1 isolates were initially morphologically identified as atypical or typical A. parasiticus based on whether they formed metulae or not 18) . Of the 110 stored isolates, 30 that were initially identified as A. flavus with the ability to produce aflatoxins Bs and Gs ( (Table 2) . c Re-identified as type FP-1 by HPA (Table 2) . d The numbers within parentheses indicate the numbers of strains isolated. (2) 1 (2) 3 (5) 10 ( 67) 6 ( 14) 7 ( 17) 3 ( 4) 2 ( 15) 2 ( 4) 30 (121) 10 (31) 1 ( 1) 1 ( 1) 1 ( 1) 13 (34) 1 ( 1) d 4 ( 4) 5 ( 8) 2 ( 2) 12 (15) 4 ( 6) 1 ( 1) 2 ( 4) 7 (11) 10/11 7/13 9/17 5/5 3/5 4/5 38/56 Okinawa Ishigaki Tokunoshima Hateruma Amamioshima Iriomote Total heavily without sclerotia production. Approximately half of type FP-1 isolates produced more than 30 % of metulated heads, while the remainder was uniseriate. Based mainly on colony colour and conidial roughness, the majority of the type FP-1 isolates were more similar to A. parasiticus than to A. flavus. The colony colours of the majority were Dark Green 20) , slightly lighter than that of A.
parasiticus, while the minority was Herbage Green 20) , slightly deeper than that of A. flavus. The conidial features of the majority showed globose and conspicuously echinulate walls, while the minority showed subglobose and moderately echinulate walls. However, the two groups could not be clearly differentiated from each other due to the morphologically intergrading characteristics.
Indeed, SEM observation showed that the echinulate walls of the type FP-1 isolates had broad diversity (Fig. 3) .
Type FP-1 isolates might resemble A. toxicarius 21) in the fact that they differed from A.
parasiticus in producing some metulate conidial heads. The type strain of A. toxicarius RIB 4002 was, however, identified as the typical type P-1 A. parasiticus. These results were in accordance with those of Klich and Pitt 1) and Christensen 22) , who reported that meturation is less important because it is a variable characteristic in most members of Aspergillus section Flavi. Klich and Pitt 1) also concluded that the conidial wall texture is the most useful key to differentiate A. parasiticus from A. flavus, however, this may become less useful due to the emergence of the type FP-1 isolates. regions, the sequences of types F-1 to F-6, FP-1, P-1 and P-2 were aligned for comparison with type F-1. Sequence differences were all located together in the ITS 1 and ITS 2 genes. Type FP-1 differed from type P-1 by one nucleotide (T) insertion, one nucleotide (T/C) substitution and four nucleotides (CCAT) deletions, at positions 108, 512 and 507 to 510, respectively. This conspicuous deletion (4 bp) was located at nearly the same positions as those common to A. flavus. Overall, the sequence alignment of type FP-1 was more similar to that of A. parasiticus than to A. flavus.
Mycotoxin production of type FP-1 isolates
Type FP-1 had 6-and 7-bp differences from types P-1 and F-1, respectively. A. caelatus (type T-2) and A. pseudotamarii (type T-3) each differed from A. tamarii (type T-1) by 3 bp. A. bombycis (Type TN-2) had only 1-bp difference from IMI 358749 (type TN-1), originally designated as A. nomius 8) .
Type P-2 of OPS 371 isolated from sugarcane stem in Vietnam had 1-bp intraspecific diversity from type P-1. The highest intraspecific diversity was shown in A. nomius (5 bp), followed by A. flavus (3 bp). Consequently, the HPA method generated 19 types within Aspergillus section Flavi species, and the ITS regions of these types had nucleotide diversity within 24 bp.
Phylogenetic analysis
On the basis of the ITS1 and ITS 2 sequence data from 19 HPA types, a phylogenetic tree was constructed using the neighbor-joining method to show the genetic relationships among Aspergillus section Flavi species (Fig. 4) 
